Abstract
INTRODUCTION
Wide-area surveys are extremely useful for large-scale studies of the properties of astrophysical objects, with a host of new surveys being conducted by Square Kilometer Array (SKA) pathfinders (see Norris et al. (2013) for a review). Radio surveys probe the populations of active galactic nuclei and their jet-fed lobes. For astrophysical conclusions to be successfully drawn, surveys must be as uniform, unbiased, and well-understood as possible.
A simple attribute of a survey is its flux density calibration accuracy: how closely do the reported flux densities reflect the real flux densities of those sources in our sky? A survey with an overall systematic bias toward higher or lower flux densities will misrepresent the luminosities of distant objects; a survey with positiondependent flux density calibration issues will misreport the flux densities of individual objects; a survey with coherent position-dependent flux density calibration issues can lead to misleading measurements for large groups of sources, or bias results for a complementary small-area survey. Where possible, flux density calibration should be uniform, or at least known.
Another important aspect of a sky survey is its completeness. Condon et al. (1998) explore in detail the trade-offs between survey resolution and sensitivity. Scientific uses of surveys require samples limited by total * nhw@icrar.org flux density, not image brightness ("peak flux density"), but it is the latter limit that is determined by the instrument configuration. Only relatively low-resolution surveys can produce the desired uniformly low flux density limit. Condon et al. (1998) point out that follow-up observations can increase the resolution on a detected source, but a missed source is lost forever, so completeness is actually the most fundamental requirement of a survey. Note, however, that with a lower resolution comes a higher confusion limit, which once reached, can only be surpassed by higher-resolution observations.
A large-scale 150 MHz, 16-MHz bandwidth, continuum survey from the Giant Metrewave Radio Telescope (GMRT; Swarup et al. 1991) was conducted between April 2010 and March 2012 by the Tata Institute of Fundamental Research (TIFR), and the raw data were made available as the TIFR GMRT Sky Survey (TGSS 1 ) via the GMRT archive 2 . This is the highestresolution low-frequency sky survey yet conducted, but until 2016, only a small number of data products had been published (e.g. Bagchi et al. 2011; Gopal-Krishna et al. 2012; Sirothia et al. 2014; Krishna et al. 2014) . Intema et al. (2017) published an Alternative Data Release of the TGSS (TGSS-ADR1), reducing the data using the SPAM package, a set of AIPS-based data reduction scripts in Python that includes direction-dependent 2 Hurley-Walker, N.
calibration and imaging. This data release covers 36,900 square degrees over −53
• < Declination < +90 • , with a median RMS noise below 3.5 mJy beam −1 and an approximate resolution of 25" × 25". Using a detection limit of 7-sigma, the TGSS-ADR1 catalogue comprises 0.62 Million radio sources with an astrometric accuracy of better than 2" in RA and Dec. The survey has problems with completeness, as it appears to be missing objects which should be detected at high S/N (see Section 2).
Another recent low-frequency sky survey was conducted by the Murchison Widefield Array (MWA; Tingay et al. 2013 ) over the wider band of 72-231 MHz, from August 2013 to July 2016: the GaLactic and Extragalactic All-sky MWA survey (Wayth et al. 2015) , hereafter referred to as GLEAM. Due to the short (< 3 km) baselines of the MWA, the survey resolution is limited to 2 at 200 MHz. Careful source-extraction techniques were used by Hurley-Walker et al. (2017) to produce a catalogue comprising 20 flux density measurements across the full bandwidth for over 0.3 Million radio sources over −90
• < Declination < +30
• , excluding regions near the Galactic Plane, the Magellanic Clouds, and Centaurus A. The median RMS noise of the catalogue is 9 mJy beam −1 , dominated by sidelobe confusion, and the astrometric uncertainty is about 3" in RA and Dec. With a range of baselines sampling scales from 2 -15
• , the completeness of GLEAM is wellunderstood and measured .
Both surveys estimate their overall flux density calibration accuracy at better than 10 %, but this work finds that when their flux density scales are compared, there are position-dependent flux density scale variations of order 15%, and these are primarily in the TGSS-ADR1. Resolution is, of course, essential, for understanding the morphology of objects and for crossmatching with other wavelengths -particularly optical and IR, in order to find hosts for radio jets. This work therefore aims to improve the flux density calibration of TGSS-ADR1 by using the more uniformly calibrated GLEAM, for the area −90
• , with the aim of producing a better-calibrated high-resolution catalogue for future work. In particular, this helps meet the other important goal of surveys, to be complete, since together GLEAM and TGSS offer a powerful combination of completeness and resolution.
Section 2 introduces the catalogues in more detail, and motivates the selection of GLEAM as the baseline catalogue for bootstrapping the flux density calibration. Section 3 describes the derivation and application of the flux density scale correction; Section 4 describes the resulting catalogue. Section 5 concludes the work with recommendations for use of the catalogue, and potential applications.
Flux calibration accuracy of GLEAM and TGSS-ADR1
A third catalogue which can be used to semiindependently test the flux density calibration accuracy of GLEAM and TGSS-ADR1 is the Molonglo Reference Catalogue at 408 MHz (MRC; Large et al. 1981 Large et al. , 1991 , which covers −90 • < Declination < +19
• , containing 12,141 discrete sources with S > 0.7 Jy at a resolution of 2. 62 by 2. 86 sec(Dec + 35.
• 5). GLEAM is not entirely independent from the MRC, because in conjunction with the VLA Low-frequency Sky Survey Redux at 74 MHz (VLSSr; Lane et al. 2014 ) and the NRAO VLA Sky Survey (NVSS; Condon et al. 1998 ) at 1.4 GHz, it was used to determine MWA primary beam corrections during the flux density scaling of GLEAM. However, this flux density calibration was derived by integrating over at least 10 fields-of-view from VLSSr, MRC, and NVSS, due to the large field-of-view of the MWA. This acts to smooth out any potential contribution from flux density scale variations from these surveys. If there are still flux density scale variations on scales < 30
• in MRC, they will be visible in the analysis presented in this paper. We also note that there are no other low-frequency wide-area surveys covering the equatorial region.
As the results of this comparison will not be used to create perform any corrections, merely to assess the magnitude of the direction-dependent flux density scale errors in each survey, we perform simple distance-based cross-matching within a radius of 25" between: GLEAM and MRC, and TGSS-ADR1 and MRC. To scale the flux densities of MRC to the GLEAM and TGSS frequencies of 200 and 150 MHz, we apply a simple powerlaw SED of S ∝ ν α , setting α to −0.82, the median spectral index of reasonably bright radio sources between 74 and 1400 MHz (Lane et al. 2014 ). The resulting log 3 flux density ratios are plotted in Figure 1 .
The median flux density ratios of MRC to both GLEAM and TGSS-ADR1 are about 1.2, i.e. a slightly flatter spectral index of α ≈ −0.6 is favoured over the canonical −0.82. This is due to the inclusion of fainter sources than those used by Lane et al. (2014) ; these faint sources tend to have flatter spectral indices. There are potentially also more sources with low-frequency turnovers, which make up a few per cent of the lowfrequency population at these flux densities . The effect reduces to within the flux density scale errors of the two surveys at higher flux density cut-offs of several Jy, but such a limit renders position-dependent effects much less visible.
More importantly, however, the log flux density ratio of MRC to GLEAM is visibly flat with respect to sky position, with an RMS of 9 %, while that of MRC to TGSS-RSADR1 3 Figure 1 . The log flux density ratios of TGSS-ADR1 (top) and GLEAM (bottom) with respect to MRC, the source flux densities of which were scaled by power-law SEDs with α = −0.82 to match the central frequencies of TGSS-ADR1 and GLEAM, 150 and 200 MHz, respectively. The ratios have been corrected by the median offset, 0.08, for clarity. The RMS of the log flux density ratios is 17% and 9% for TGSS-ADR1 and GLEAM, respectively.
TGSS-ADR1 varies in a coherent position-dependent way, with an RMS of 17 %. This indicates that the flux density scale of TGSS-ADR1 is less uniform than that of GLEAM, and correcting it to the GLEAM flux density scale would make it more uniform.
Note also that both TGSS-ADR1 and GLEAM are slightly brighter near the Galactic Centre (RA≈ 17.5 h , Dec≈ −27
• ) than MRC, manifesting as a slightly more negative log flux density ratio. This area is difficult to image with all three instruments, due to the presence of bright large-scale Galactic synchrotron emission, so it is unclear whether this is a problem with MRC, or both TGSS-ADR1 and GLEAM. In either case, since the feature is visible in both TGSS-ADR1 and GLEAM, any correction will only minimally affect it.
We briefly consider the image quality of TGSS-ADR1 and GLEAM in regions of different flux density scales, in order to check that a simple flux density scaling is the only correction necessary to reconcile the two catalogues. We select 2 × 2
• areas around RA 03 h , 4
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Dec −11
• (TGSS-ADR1 is 20% low relative to MRC), and RA 08 h , Dec +10.
• 5 (TGSS-ADR1 is as consistent with MRC as GLEAM). The images are shown in Figure 2: there is no noticeable change in image quality between the regions for either survey. We conclude that a simple flux density correction is adequate for matching the two surveys for typical areas of sky.
Some high-significance sources are only seen in GLEAM: two examples are highlighted in Figure 2 . We measure a spatial density of about 0.15 missing sources per square degree. This was determined by selecting a region of high completeness in GLEAM (RA 0 h -5 h , Dec −40
• -0 • ) and selecting only sources that: are isolated (no other GLEAM source within 300"); are above a flux density at which the catalogue shows 90% completeness (S > 70 mJy); and are unresolved (S int /S peak <= 1.2). These sources were then cross-matched against TGSS-ADR1, selecting only sources which appear in GLEAM but do not have a match in TGSS-ADR1 within five arcmin. Finally, we excluded any sources in regions with a TGSS-ADR1 RMS noise of > 5 mJy. This leaves 452 sources in this area, giving the aforementioned spatial density. These sources are not present in TGSS-ADR1 with a significance of S TGSS /RMS TGSS > 12.
These are extremely unlikely to be transient objects, as this would be inconsistent with long monitoring campaigns from other low-frequency instruments (see e.g. Stewart et al. 2016) . In some areas, the noise in the TGSS-ADR1 images appears less Gaussian, perhaps indicating calibration artefacts. However, we attempt to exclude these regions with the final TGSS RMS cut. A potential cause is a bias in TGSS-ADR1 against low surface brightness objects, due to its higher resolution and its filtering of short (< 200λ) baselines. The ultimate cause will likely be addressed in future TGSS data products; in the meantime, a combination of TGSS-ADR1 and GLEAM provides a more complete picture of the southern sky at these frequencies, but reconciling the flux density scales is necessary for most uses.
3 Creating a corrected catalogue
Flux scale sample
In order to perform a robust modification of the flux density scale of TGSS-ADR1, a representative sample of radio galaxies avoiding systematic biases must be chosen. Sources must match the following criteria:
• Isolated: To avoid cross-matching single components of doubles resolved in TGSS-ADR1, but unresolved in GLEAM, TGSS-ADR1 sources cannot lie within a 1 radius of another TGSS-ADR1 source; • Bright: Both GLEAM and TGSS-ADR1 integrated (total) flux density S 150MHz > 400 mJy;
• Spectrally simple: GLEAM reports a non-null α, indicating that a power-law spectrum is a good fit (reduced χ 2 < 1.93); • Unresolved: Both the GLEAM and TGSS-ADR1 ratio of integrated to peak flux density is < 1.2.
This selects 47,984 sources from TGSS-ADR1 and 51,993 sources from GLEAM. Crossmatching using a radius of 25" forms a catalogue of 23,796 sources. Varying the crossmatching radius between 10 and 120" yields only ≈ 5% differences in the number of sources crossmatched, due to the downselection criteria employed; 25" is a compromise between matching the most sources and avoiding false positives.
To bring the two catalogues to the same frequency (150 MHz), we take advantage of the wide bandwidth of GLEAM, which was used by Hurley-Walker et al. (2017) to fit power-law spectra to all detected sources. For those sources with a reasonable fit (a reduced χ 2 < 1.93, i.e. a 99% probability of the SED being a powerlaw), the GLEAM catalogue reports S 200 MHz,fitted and α: the 200 MHz GLEAM flux density and spectral index calculated by fitting over all 20 7.68-MHz sub-bands of GLEAM. Any sources too faint or not statistically welldescribed by a power law do not have these values, and are not used in this analysis.
The choice of 200 MHz as the reported frequency for this fitted flux density is fairly arbitrary, and it is trivial to rescale to 150 MHz using the accurate low-frequency α via S 150 MHz,GLEAM = S 200 MHz,fitted × ( α . This is more accurate than using the value at the closest-matching sub-band centred on 151 MHz, which has higher noise and is only a single measurement, instead of a fit to twenty. From the crossmatch of the two catalogues, we can then calculate the spatial distribution of the log flux density ratio, log S150 MHz,GLEAM S150 MHz,TGSS . The distribution of the log flux density ratio is shown in the top panel of Figure 3 (other panels are described in Section 3.2). The coherent patches of similar flux density scales correspond to different TGSS observing nights with the GMRT. The observing strategy was to perform 3-minute observations of target fields laid out in a hexagonal configuration on the sky. Fields were arranged in ≈ 5
• × 5
• patches, and each patch was observed for 2-3 hours, encompassing 60-70 target fields. A different patch would then be selected, and the same process repeated. Phase calibration scans occurred once per hour, and flux calibration scans were performed at the beginning and end of each night, although typically only one would be used in the final flux density calibration process.
As an example, two black boxes highlight observations taken on 2010-12-14 (project code 19 043, night 5142). To obtain these regions, pointing centres of the observations were downloaded from the GMRT online archive 4 , and the enclosing sky area measured. This was then expanded by a border of 1.
• 5, corresponding to the GMRT 150 MHz primary beam full-width-halfmaximum. Within both patches on the same night, the flux density scale is close to uniform, due to the use of the same flux/bandpass calibrator. Since no secondary 4 https://naps.ncra.tifr.res.in/goa/mt/search/basicSearch calibrators are used, if the initial flux calibration is incorrect, it will be applied consistently throughout the night. The calibration scan may not be correct due to delay jumps in the antenna gains which will be fixed in a future TGSS data release (Intema et al. 2017) .
The increased signal-to-noise of these patches compared to the MRC cross-match shown in Figure 1 is due to the use of the much more accurate GLEAM 6 Hurley-Walker, N. spectral index α measurements than a canonical −0.82. There is no correspondence with the observing parameters of GLEAM (Wayth et al. 2015) or MRC (Large et al. 1981) , both of which were performed as long (8-12-hour) drift scans.
Radial basis function fitting
The value of a radial basis function is dependent only on the distance from the origin, and a sum of multiple radial basis functions with different centres can be used as an approximation to a varying surface. The python package scipy (Jones et al. 2001-) includes a set of interpolation functions, including interpolate.Rbf, which we use here to fit the spatial distribution of log flux density ratios. Using the simplest version of the function, we specifiy a linear radial basis function, i.e. φ(r) = r, with a smoothness of 10
• , the smallest believable spatial scale of the variations. (The data can be arbitrarily overfit with very low smoothness values, but this will mean a poorer extrapolation to other sources in the field.)
The resulting fit is shown in the middle panel of Figure 3 , while the difference between the fit and the data is shown in the lowest panel. The remaining residuals are noise-like and no longer correlate with the observing parameters of the TGSS.
Results
Applying the fit to the TGSS-ADR1 catalogue results in a modified version: for each source, the values in the catalogue of Total flux [density], Error on total flux [density], Peak flux [density], Error on peak flux [density] , and RMS noise are multiplied by the flux scale ratio calculated at the position of the source. We can check the impact of the position-dependent flux density scale modification by repeating the MRC comparison detailed in Section 2. The resulting log flux density ratio is plotted in Figure 4 ; the median is 1.2, as expected, and the RMS has decreased from 17% to 12%, not quite as uniform as GLEAM, but closer. Most importantly, the position-dependent flux density scale patchiness is mostly erased; the variations are now randomly distributed. The slight over-brightness is still visible near the Galactic Centre, which is unsurprising, as GLEAM shows the same feature (see Section 2). The small regions not included in the GLEAM extragalactic catalogue due to adverse ionospheric conditions and the presence of Centaurus A (see Table 3 of Hurley-Walker et al. 2017) are uniform in the corrected figure, so we assume the interpolation has been reasonably successful over these areas (i.e. the flux density scale variations were not large or discontinuous in the first place). The Galactic plane is a larger area missing from GLEAM, and therefore any interpolated flux density scale ratios therein are less accurate, and any corrections North of Declination 30
• are purely extrapolations. We therefore apply spatial cut-offs to the catalogue of Declination ≤ +30
• , |b| ≥ 10 • , reducing the sky area covered to 18,800 deg 2 . After applying these cuts, 383,589 TGSS-ADR1 sources remain, which we release as TGSS-RSADR1, a Rescaled Subset of Alternative Data Release 1. The modified catalogue contains the original TGSS-ADR1 column headings, plus an additional flux density scaling ratio to indicate the correction value that was applied. An example few lines from the catalogue are shown in Table 1 . We note that TGSS-RSADR1 is on the flux density scale of Baars et al. (1977) , like GLEAM.
The catalogue is available from the author on request.
CONCLUSION
We have produced a modified version of the TGSS-ADR1 source catalogue that is consistent in flux density scale with the first-year GLEAM extragalactic radio source catalogue , thereby reducing position-dependent flux density scale variations. The improved flux density scale alignment with GLEAM makes TGSS-RSADR1 useful for several applications:
• Combining GLEAM and TGSS-RSADR1 to form a more complete sample of sources across the overlapping region, allowing better ensemble statistics of radio galaxies; • Utilising the morphological resolving power of TGSS with the spectral coverage of GLEAM to better-characterise many sources; • Looking for extended sources with higher GLEAM flux densities than TGSS-RSADR1, to find low surface brightness emission, a signature of radio relics and haloes, as well as extended radio galaxies; • Creating better sky models for calibrating LO-FAR, the extended MWA, SKA1 LOW, HERA, and other upcoming low-frequency instruments; • Checking the flux density calibration of a second Alternative Data Release, which will improve on the phase calibration and consistency of ADR1 by using further observations and modified data reduction (Intema et al. in prep) .
We request that any users of this catalogue cite both this paper and Intema et al. (2017) , the TGSS-ADR1 release on which this work is significantly based. The log flux density ratios of TGSS-ADR1 and TGSS-RSADR1 with respect to MRC, the flux densities of which were scaled by power-law SEDs with α = −0.82 to 150 MHz. The ratios have been corrected by the median offset, 0.08, for clarity. The RMS of the log flux density ratios is 17% and 12% for TGSS-ADR1 and TGSS-RSADR1, respectively. Table 1 Random sample of 12 entries from the TGSS-RSADR1 source catalog. Columns 1-5, 8-10, 12, and 13, are identical to those published by Intema et al. (2017) . Columns 6, 7, and 11 are those given in Intema et al. (2017) but multiplied by the value given in column 14, the flux density scale ratio for that source as determined by the fitting process described in Section 3.2. The full catalogue of 383,589 sources is available via CDS. 
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